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Bell’s theorem states that no local hidden variable model is compatible with quantum mechanics. Surpris-
ingly, even if we release the locality constraint, certain nonlocal hidden variable models, such as the one pro-
posed by Leggett, may still be at variance with the predictions of quantum physics. Here, we report an ex-
perimental test of Leggett’s nonlocal model with solid-state spins in a diamond nitrogen-vacancy center. We
entangle an electron spin with a surrounding weakly coupled 13C nuclear spin and observe that the entangled
states violate Leggett-type inequalities by more than four and seven standard deviations for six and eight mea-
surement settings, respectively. Our experimental results are in full agreement with quantum predictions and
violate Leggett’s nonlocal hidden variable inequality with a high level of confidence.
Realism and locality are two fundamental concepts in clas-
sical physics [1–3]. Roughly speaking, locality requires that
events happened in space-like separated regions can not in-
fluence each other, while realism suggests that the results of
observations are predetermined by the intrinsic properties of
a physical system and should be independent of the measure-
ment [4]. Quantum physics, however, challenges these con-
cepts in a profound way—no hidden-variable theory based
on the joint assumption of realism and locality can reproduce
all quantum correlations [2, 3]. This fact is now well-known
through Bell’s theorem [5] and has been verified by a number
of experiments with different platforms [6–22]. In particular,
recent experiments with entangled electron spins [19], pho-
tons [20, 21], and atoms [22] have been reported to close the
detection and locality loophole simultaneously. This, together
with the Bell Test project that attempts to close the freedom-
of-choice loophole [23], has reasonably established the viola-
tion of local realism in quantum physics a validated fact.
Then, should non-local realism be consistent with quan-
tum physics? This is a natural question, but the answer is
complicated. On the one hand, Bohm’s interpretation [24] of
quantum mechanics clearly implies that certain non-local hid-
den variable (NLHV) models can indeed reproduce all pre-
dictions of quantum physics. On the other hand, however,
there also exist other NLHV models that are proved to be in-
compatible with quantum predictions. The first testable ex-
ample of such NLHV model was the one proposed by Suarez
and Scarani [25], which has been falsified in a series of sub-
sequent experiments [26, 27]. Another notable example in-
volves the one introduced by Leggett [28]. This NLHV model
fulfills the so-called Leggett’s inequalities, but quantum cor-
relations can violate them. Leggett’s model has attracted con-
siderable attentions in the community and a number of ex-
periments have been carried out to test it [29–37]. All these
experiments support the predictions of quantum mechanics
and show violations of Leggett’s inequalities. Nevertheless,
most of these experiments use photons [29–36] and Leggett’s
model has never been tested in a solid-state system hitherto,
which is in sharp contrast to the case for Bell inequalities.
Given the important roles solid-state systems play in quantum
information sciences, it is highly desirable that the Leggett in-
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FIG. 1. Tests of Leggett’s nonlocal hidden-variable theories with
solid-state spins in a diamond nitrogen-vacancy center. An electron
spin of the nitrogen-vacancy center is prepared to be entangled with
one of its surrounding 13C nuclear spins. We denote the nuclear spin
and the electron spin by Alice and Bob, respectively. Measurement
settings on the Poincare´ sphere are shown for testing the Ineq. (2).
equalities should also be tested in such systems. Violation of
Leggett’s inequality requires preparation of entangled states
with a very high fidelity and correlation measurements in var-
ious complementary settings, which are experimentally chal-
lenging. Therefore, test of Leggett’s inequality, apart from its
fundamental interest, is also a demonstration of good quality
of entanglement control in the corresponding quantum sys-
tems.
In this paper, we fill this important gap by reporting an
experimental test of Leggett’s NLHV model with solid-state
spins in a diamond nitrogen-vacancy center (see Fig.1 for a
pictorial illustration). Following Branciard et al. [32], we de-
rive two Leggett-type of inequalities with six and eight mea-
surement settings respectively, without assuming a time or-
dering of the events as in Leggett’s original paper [28]. We
entangle an electron spin in the NV center with a surround-
ing 13C nuclear spin to form a maximally entangled Bell state
with high fidelity and perform appropriate single-shot projec-
tion measurements on the electron spin to measure the correla-
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FIG. 2. (a) Experimental sequences for initialization of a weakly coupled 13C nuclear spin state and preparation of one of the electron-nuclear
Bell states. The initial state of nuclear spin can be flipped by tunning the quantum gate parameters and the phase settings of two electron
microwave pi pulses in entanglement preparation can be changed to transform generation between four Bell states. (b) The measurement
sequences for jointly measuring the electron and nuclear spins, in a rotated electron-nuclear basis ϕeXn/ϕeYn. After appropriate basis
rotation, the corresponding ϕ settings electron spin state is projected to Xe/Ye axis and the joint detection can be achieved by following
combined projective optical readout [38].
tions between the electron and nuclear spins. We observe that
for large measurement parameter regions, the entangled states
violate both the derived six- and eight-setting Leggett-type in-
equalities. In particular, for the six-setting (eight-setting) in-
equality, the maximal violation exceeds the classical bound
by 4.0 and 10.9 (7.1 and 15.5) standard deviations for the raw
data and the data after correction of the readout error, respec-
tively. Our experiment results are in full agreement with quan-
tum predictions and thus falsify Leggett’s NLHV model in a
solid-state system.
To begin with, let us first briefly introduce two inequalities
based on Leggett’s nonlocal model, following a simpler ap-
proach introduced by Branciard et al. [32]. Consider a com-
mon Bell-type experimental scenario: two observers, denoted
by Alice and Bob, perform measurements labeled by n and m
on their qubits, respectively. The outcomes are denoted by α
and β (α, β = ±1). For the qubit case, n and m are unit vec-
tors on the Poincare´ sphere (see Fig.1 for an illustration) and
are independently and freely chosen by Alice and Bob. Ac-
cording to hidden-variable theories [39], the conditional prob-
ability distribution P (α, β|n,m) can be decomposed into a
statistical mixture of correlations characterized by the hidden
variable λ:
P (α, β|n,m) =
∫
Γ
ρ(λ)Pλ(α, β|n,m)dλ (1)
where Γ is the total λ space and ρ(λ) is a statistical distri-
bution of λ which satisfies ρ(λ) ≥ 0 and∫
Γ
ρ(λ)dλ = 1.
Strikingly, the constraint of non-negativity of probabilities
Pλ(α, β|n,m) ≥ 0 is sufficient to derive testable Leggett-
type inequalities which are satisfied by Leggett’s NLHV
model but can be violated by quantum predictions. The sim-
plest inequality reads (see [32] and [38] for details):
I26(φ) ≡ |Cn1,m1 + Cn1,m′1 |+ |Cn1,m2 + Cn1,m′2 |
+ |Cn2,m3 + Cn2,m′3 |+ 2 sin
φ
2
≤ 6, (2)
whereCn,m =
∑
α,β αβP (α, β|n,m) denotes the usual cor-
relation function and φ is the angle between a pair of vectors
mi andm′i (i = 1, 2, 3) [38]. We note that the above inequal-
ity is a bit different from the original one introduced in Ref.
[32], where three measurement settings for Alice’s side were
used. Here, we use only two settings for Alice because the
tests of this modified inequality is easier to implement in our
NV experimental setup.
In the experiment, we use solid-state spins, namely an elec-
tron spin and a surrounding 13C nuclear spins in a diamond
NV center [40], to test Leggett-type inequalities. The NV
center is a natural doped structure which is composed of a
vacancy and an adjacent nitrogen atom that replace the two
neighboring carbon atoms [41]. Our experiments utilize the
negative charge state of the NV center with an electron spin
S = 1 (denoted as |ms = ±1〉 and |ms = 0〉) and a nearby
weakly coupled 13C nuclear spin I = 1/2 (denoted as | ↑〉
and | ↓〉) in a cryostat at temperature around 8 K, with opti-
cal initialization and readout achieved through use of resonant
transitions [42] between excited states and ground states.
To realize efficient multi-qubit control, we need to design a
set of single-qubit gates and electron-nuclear two-qubit entan-
gling gates. With a magnetic field Bz aligned along the NV
symmetry axis and under the rotating wave approximation, the
effective Hamiltonian of the system in the rotating frame with
respect to the modulated electron energy splitting describing
the electron spin and a single 13C nuclear spin has the form
Heff = AzzSˆz Iˆz +AzxSˆz Iˆx + γnBz Iˆz, (3)
3Where Sˆz = diag{1, 0,−1} denotes the z-component of the
spin-one operator, and Iˆx and Iˆz are the Pauli-X and Pauli-
Z matrix, respectively (here we define NV symmetry axis as
the z axis); γn is the gyromagnetic ratio of the 13C nuclear
spin; Azz and Azx form the parallel and perpendicular com-
ponents of the hyperfine interaction term between the electron
spin and the nuclear spin with their values determined pre-
cisely from previous experiments [43]. Due to the particular
mutual interaction, the 13C nuclear spin processes around the
axis conditioned on the electron spin state, so we can con-
struct a set of selective electron-nuclear two-qubit gates based
on the dynamical decoupling sequences [44].
One can verify that the inequality (2) can be violated in
quantum mechanics for a range of φ and for various quan-
tum entangled states. The maximal violation is achieved
when the left side of Eq. (2) equals
√
40 and this happens
at φ0 = 2 arctan 13 ≈ 36.9◦ under the maximally entangled
singlet state [31]. For this optimally chosen setting, the min-
imal visibility to observed violation of the inequality (2) is
about Vmin = 94.3%. The minimal visibility measures how
much white noise can be added into the Bell state so that the
inequality is still violated, i.e., the minimal value of V under
the condition that the state ρV = V |Φ−〉〈Φ−| + (1 − V )I/4
(here I is the 4 × 4 identity matrix) violates the inequality
(3). The corresponding minimal fidelity is estimated to be
Fmin =
√
3Vmin + 1/2 ≈ 97.8%. This high value of the
required minimum fidelity is a significant challenge for an ex-
perimental observation of violation of the Leggett inequality.
In our experiments, we have used the dynamical decoupling
[44] and optimized the sequence parameters to meet this re-
quirement [38].
We choose the electron spin to act as the control qubit and
the 13C nuclear spin undergoing the conditional rotation as
the target qubit. To protect single nuclear spin from the deco-
herence effect and avoid the unwanted crosstalk between mul-
tiple nuclear spins, we need to optimize the parameters of sin-
gle and controlled quantum gates based on the precisely char-
acterized hyperfine interaction couplings [43]. The sequence
to achieve the nuclear spin state initialization and electron-
nuclear spin entanglement [45] is shown in Fig.2(a). First we
prepare the electron spin in |0〉 and after a swapping proce-
dure [46], the nuclear spin is initialized onto | ↑〉 or | ↓〉 de-
termined by the controlled quantum gate parameters. We then
reset the electron spin to be on state |0〉 and apply entangling
gate on the electron and nuclear spins. After this, the elec-
tron and nuclear spins are maximally entangled with the state
|Φ−〉 = (|0e ↑n〉 − |1e ↓n〉)/
√
2. From the measured expec-
tation values of entanglement witness operators described in
Ref. [47], we can obtain a lower bound on the fidelity of our
prepared Bell state at 98.2(5)%.
For the quantum state measurements on the entangled Bell
state, instead of measuring electron spin and nuclear spin
separately [48], we choose appropriate basis projections of
both electron and nuclear spin followed by Z-basis optical
measurement to readout electron-nuclear spin state simulta-
neously in a single-shot readout scheme with sufficient av-
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FIG. 3. Experimental violations of the Leggett’s inequality with six
measurement settings. The dashed orange line indicates the bound of
inequality (2), which is satisfied by Leggett’s non-local hidden vari-
able model. The dotted line denotes the quantum-mechanical predic-
tion and the region above the dashed line implies quantum violation.
Our experimental raw data (denoted by circles) of I26 exceed the
Leggett’s bound for 23.02◦ < φ < 51.57◦. The largest violation
is observed for φmax = 38.96◦. The triangles show the data after
correction of the readout error, and the violating φ region in the case
becomes broader and the maximal violation also gets bigger. Here,
the errorbars denote the readout standard deviations.
erage fidelity at cryogenic temperature [Fig.2(b)]. The spe-
cific process starts with the rotation of electron-spin from
pairs (mi,m′i) which satisfy corresponding ϕ settings to the
Xe/Ye basis of the two-qubit system followed by a joint mea-
surement of XeXn/YeYn using the sequence particularly de-
signed (see [38] for the details). In this way, we are able to
measure the desired correlations appearing in Ineq. (2).
We vary the measurement angle parameter φ in a discrete
way and for each value of φwe measure the quantum expecta-
tion value of I26. Our experimental results are shown in Fig.3.
From this figure, our experimental results match the theoreti-
cal predictions qualitatively and the Leggett’s inequality (2) is
violated for 23.02◦ < φ < 51.57◦. The largest violation oc-
curs at φmax = 38.96◦ and the violation for experimental raw
data is 6.136±0.034, violating the Ineq. (2) by more than four
standard deviations. In addition, since in our experiments the
state initialization and projective readout procedures consist
of the same number of similar gate operations, we can follow
a standard recipe as in Ref. [48] to correct the readout error
(see also [38] for the details). After this correction, each mea-
sured correlation will be more close to its corresponding theo-
retical prediction without experimental imperfections and the
violation of the Leggett’s inequality will be further enhanced.
Our experimental data after the readout error correction is also
shown in in Fig.3. It is clear from this figure that after the read-
out error correction our experimental results agree excellently
with the theoretical quantum predictions and the the maximal
violation in this case is 6.382± 0.035, which violate the Ineq.
(2) by more than 10.9 standard deviations.
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FIG. 4. (a) Measurement settings for nuclear (blue arrows) and elec-
tron (yellow arrows) spins on the Poincare´ sphere for testing the Ineq.
(4) [38]. The four vectors {~ei = mi −m′i} point to the four ver-
tices of the regular tetrahedron. (b) Experimental violations of the
Leggett’s inequality (4). The quantum expectation of I28 exceeds
the Leggett’s bound for 17.96◦ < ϕ < 71.34◦ and the maximal
violation occurs at ϕmax = 40.11◦ for raw data (circle). With read-
out correction , we get the broader violating φ region and the bigger
maximal violation (triangle).
To obtain stronger quantum violations, one can increase the
number of measurement settings, similar to the case of testing
Bell inequalities. In Ineq. (2), Alice has two measurement
settings and Bob has six settings. Following a similar deriva-
tion, we obtain another Leggett-type inequality, where Bob
has eight measurement settings [38]:
I28(ϕ) ≡ |Cn1,m1 + Cn1,m′1 |+ |Cn1,m2 + Cn1,m′2 |
+ |Cn2,m3 + Cn2,m′3 |+ |Cn2,m4 + Cn2,m′4 |
+
8√
6
sin
ϕ
2
≤ 8. (4)
It is straightforward to check that the inequality (4) is vio-
lated in quantum physics for a large range of ϕ with measure-
ment settings shown in Fig.4(a), and the maximal violation
occurs at ϕ0 = pi − 2 arctan
√
6
7 ≈ 44.4◦. The maximal vi-
olation of inequality (4) is 8
√
7
6 and the threshold visibility
is Vmin ≈ 91.3% with the corresponding threshold fidelity
Fmin = 96.7%, which are both smaller than the ones for
the six-setting Ineq. (2). Our experimental results for testing
Ineq.(4) is plotted in Fig.4(b), from which it is evident that the
inequality is violated for 17.96◦ < ϕ < 71.34◦. The maxi-
mal violation is 8.323 ± 0.045, occurring at ϕmax = 40.11◦,
which violates the Ineq. (4) by more than 7.1 standard devia-
tions. With readout error correction, the maximal violation is
8.729± 0.047 [38], violating the Ineq. (4) by more than 15.5
standard deviations. Our experiments confirm that the viola-
tion of the eight-setting inequality (4) is notably larger than
that of the six-setting inequality (2).
In summary, we have experimentally tested Leggett’s
NLHV model in a solid-state system for the first time. Our
experimental results are in agreement with quantum predic-
tions and show clear violation of the Leggett-type inequalities
with a high level confidence, thus falsifying Leggett’s model
with solid-state spins. Our discussion is mainly focused on the
two-qubit case, but its generalizations to multiple qubits are
possible and worth future investigations. In addition, it would
also be interesting to experimentally test nonlocal causality
[49] with solid-state spins in a similar setup.
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